Ectodermal dysplasias (EDs) are a large heterogeneous group of inherited disorders exhibiting abnormalities in ectodermally derived appendages such as hair, nails, teeth and sweat glands. EDs associated with reticulated pigmentation phenotype are rare entities for which the genetic basis and pathophysiology are not well characterized. The present study describes a five generation consanguineous Pakistani family segregating an autosomal recessive form of a novel type of ectodermal dysplasia. The affected members present with sparse and woolly hair, severe nail dystrophy and reticulate skin pigmentation. After exclusion of known gene loci related with other skin disorders, genome-wide linkage analysis was performed using Illumina HumanOmniExpress beadchip SNP arrays. We linked this form of ED to human chromosome 18p11.32-p11.31 flanked by the SNPs rs9284390 (0.113Mb) and rs4797100 (3.14 Mb). A maximum two-point LOD score of 3.3 was obtained with several markers along the disease interval. The linkage interval of 3.03 Mb encompassed seventeen functional genes. However, sequence analysis of all these genes did not discover any potentially disease causing-variants. The identification of this novel locus provides additional information regarding the mapping of a rare form of ED. Further research, such as the use of whole-genome sequencing, would be expected to reveal any pathogenic mutation within the disease locus.
Introduction
Ectodermal dysplasias (EDs) are a large heterogeneous group of congenital disorders characterized by primary developmental defects in ectodermal appendages (hair, nails, teeth, sweat glands) during morphogenesis/development with or without accompanying defects in other tissues, organs and systems. So far, more than 200 EDs with different pathological and clinical manifestations have been reported but causative genes have been identified only in few ED phenotypes. The most reported sub-phenotype of ED is hypohidrotic ectodermal dysplasia (HED; MIM 305100) characterized by hypotrichosis, hypo-or anodontia (abnormal or absent teeth) and hypo-or anhidrosis (reduced or absent sweating) with disease-causing mutations in four genes, namely EDA (MIM 300451), EDAR (MIM 604095), EDARADD (MIM 606603) and TRAF6 (MIM 602355). X-linked recessive (EDA), autosomal dominant and recessive (EDAR, EDARADD, TRAF6) inherited HED forms have been reported. Within the last years, many genetic causes of rare EDs were reported as e.g. mutations in the HOXC13 gene (MIM 142976) [1] , a member of the HOX family of transcription factors, causing pure hair and nail ectodermal dysplasia (PHNED; MIM 614931), mutations in the KCTD1 gene (MIM 613420) [2] for scalp-ear-nipple syndrome (SENS; MIM 181270) and recently pathogenic variants in GRHL2 gene causing an autosomal-recessive ectodermal dysplasia syndrome [3] .
As reticulate pigmentation was one important feature of our newly collected family, we considered mainly genodermatoses involving skin pigmentation accompanied by diverse clinical conditions of different tissues and organ systems [4] . In few of these cases the presence of reticulate hyperpigmentation on different body parts including neck, shoulder, abdomen, proximal extremities and axillae associated with combination of defects in one or more ectodermal appendage(s) have been reported [5] . This includes conditions such as Naegeli-FranceschettiJadassohn syndrome (NFJS; MIM 161000), dermatopathia pigmentosa reticularis (DPR; MIM 125595), epidermolysis bullosa simplex with mottled pigmentation (EBS-MP; MIM 131960) and dyskeratosis congenita (DC). The two conditions, NFJS and DPR, are rare autosomal dominantly inherited allelic disorders with similar clinical manifestations. The hallmarks of core clinical features observed in these two conditions are absence of dermatoglyphics (fingerprints lines), reticulate hyperpigmentation of skin, palmoplantar keratoderma, abnormal sweating, nail dystrophy, dental anomalies and skin blistering [6, 7] . The distinguishing features of lifelong presence of skin hyperpigmentation, partial alopecia, and absence of dental anomalies were observed in patients with DPR [8] . Heterozygous mutations in keratin 14 (KRT14; MIM 148066), located on chromosome 17q11.2-q21, are the underlying cause of NFJS and DPR syndromes [9, 10] . Reticulate hyperpigmentation, nail dystrophy, leucoplakia, bone marrow failure and increased predisposition to malignancy are notable clinical features observed in patients with DC. The hyperpigmentation is manifested as brown-grey, and may be associated with guttate hypopigmentation, telangiectasia and atrophy with predilection sites being the neck, upper chest and upper arms. The DC is a genetically heterogeneous disorder with different modes of inheritance, although many cases result due to mutations in the X-linked gene dyskerin (DKC1; MIM 300126) [11] .
The present study reports the clinical and molecular analysis of a consanguineous Pakistani kindred in which five males and one female were affected with a novel form of ED manifesting anomalies of hair, nails and skin pigmentation.
Materials and Methods

Human subjects
A five generation consanguineous family demonstrating an unreported form of ectodermal dysplasia involving anomalies of hair, nail and skin pigmentation was ascertained from a remote region of Pakistan. The pedigree provided convincing evidence of an autosomal recessive mode of inheritance of the phenotype (Fig 1) . Affected members of the family underwent careful clinical examination at a local government hospital. The study was approved by the Institutional Review Board (IRB) of Quaid-i-Azam University, Islamabad Pakistan. Informed written consent for the study including presentation of photographs for publication was obtained from all participating subjects and their guardians. The consent procedure including use of form was approved by IRB Quaid-i-Azam University Islamabad Pakistan.
Extraction of DNA and genotyping
Fourteen individuals including six affected (IV-6, IV-8, IV-9, IV-10, IV-11, V-2) and eight unaffected members (III-1, III-2, III-5, III-6, IV-4, IV-5, IV-7, IV-12) of the family provided blood samples for DNA-based analysis. Genomic DNA from the blood samples was extracted using GenElute Blood Genomic DNA Kit (Sigma-Aldrich, St. Louis, MO, USA). PCR amplification using microsatellite markers was performed as described earlier [12] .
Exclusion mapping
Linkage in the present family was first tested using microsatellite markers tightly linked to known genes involved in different forms of ectodermal dysplasia phenotypes. 
Human genome scan
Human genome scan was performed using HumanOmniExpress beadchip arrays of Illumina Infinium HD Assay (Illumina Inc., San Diego, CA, USA) containing more than 700,000 SNP loci with an average mean distance of 4 kb. The Infinium HD Assay genotyping reaction steps were performed according to the manufacturer's specifications (Illumina Inc., San Diego, CA, USA) at the Department of Genomics, Life and Brain Center, University of Bonn, Germany. The SNP genotypes generated from normalized bead intensity data for each sample were analyzed with Illumina Genome Studio v1.0.2 software using manufacturer's default cluster settings, combined with the normalized measure of the total signal intensity for the two alleles of a SNP defined as the Log R ratio (LRR) and the normalized measure of the allelic intensity ratio of the two alleles defined as the B allele frequencies (BAF), which were used to detect homozygous regions and other chromosomal anomalies including deletion and duplication on megabase pair scale. Due to the autosomal recessive mode of inheritance of the clinical phenotype in the family, homozygous regions were also determined by HomozygosityMapper [13] (http://www.homozygositymapper.org/). Mendelian inconsistencies were evaluated using PEDCHECK [14] and MERLIN [15] . Two-point linkage analysis was carried out using MLINK program of FASTLINK computer package [16] .
Candidate gene screening
At the time of the study seventeen genes, identified in the linked region on chromosome 18, were prioritized for sequencing on the basis of information pertaining to their expression in skin and signaling pathways from the University of California Santa Cruz (UCSC) Human Genome Browser (http://genome.ucsc.edu/cgi-bin/hgGateway) and Genedistiller [17] . Subsequently exons, splice junction sites, 5'untranslated regions (UTR) and polyadenylation sites in 3' UTR of all 17 genes were screened for potential sequence variants in two affected (IV-8, IV-10) and one unaffected (III-5) individual of the family. Primer sequences for PCR-amplification of the genes were designed from their intronic sequences by Primers3 version 0.4.0 software [18] (http://frodo.wi.mit.edu/primer3/) using the reference sequences obtained from UCSC Human Genome browser and Ensemble Genome Browser (http://www.ensemble.org), and checked for specificity using basic local alignment search tool (BLAST; http://www.ncbi. nlm.nih.gov/blast). The amplified PCR products were purified under standard conditions as described earlier by Habib et al. [12] and sequence analysis was carried out with the ABI PRISM Big Dye Terminator Cycle Sequencing V3.1 Ready Reaction Kit. The sequencing products were purified by PrepEase Sequencing Dye Clean-Up Kit (USB Corporation, Ohio, USA) in accordance with manufacture's protocol. The purified products were subjected to denaturing electrophoresis loaded on the ABI PRISM 3100 Genetic Analyzer (Applera Corp., Foster City, CA USA). The sequence data was aligned with control sequence via BIOEDIT sequence alignment editor version 6.0.7 (http://www.mbio.ncsu.edu/BioEdit/bioedit.html).
Results
Clinical findings
An uncharacterized form of ectodermal dysplasia was observed in six individuals (IV-6, IV-8, IV-9, IV-10, IV-11, V-2) of the family presented here (Fig 1) . The affected members were between 12 to 28 years of age at the time of the study. All the affected individuals were the product of consanguineous unions and born at full term of normal pregnancies. Detailed clinical evaluation performed by medical officers at a local government hospital revealed the undermentioned clinical features in the affected subjects of the family (Table 1) .
Nails. At the time of birth, nail growth was normal. Dystrophy of the nails appeared during second decade of the patient's life. Severe onychodystrophy manifested as dystrophic misshaped pigmented finger-and toenails in all six affected members of the family. Other features associated with nail dystrophy noted in the patients included micronychia (small nails), oncochauxis (thickened curved nail plate), transverse melanonychia (dark colored spots on nail plate) and onycholysis (detachment of the nail from nail bed) (Fig 2A, 2B and 2C ). All the patients reported occurrence of pain during physical work.
Hairs. Sparse thin scalp hair of woolly texture, and sparse eyebrows and eyelashes were observed in all the affected members. In affected males beard and moustache hair were sparse as well. Hair was missing on other parts of the body (Fig 2D) .
Skin. Reticulate pattern of hyperpigmentation manifested in form of net like dark brown gray patches observed on different parts of the body including neck, abdomen, chest, axillae, and extremities. Associated condition of guttate hypopigmentation was noted on some of the body parts. Information provided by the family members revealed that the reticulate hyperpigmentation develops during early adolescence in the patients (Fig 2E and 2F ) and after appearance stays on permanent basis. Sweating and dentition was found normal in all patients. No underlying defects in renal, liver and other organ systems were reported. Immunological, systemic involvement and predisposition to malignancy was not reported in the patients. Medical history of the patients showed no exposure to drugs and chemical solvents that could have induced hyperpigmentation in affected individuals. The patients followed normal pattern of growth development. Biological specimen for skin biopsy was not available due to non-availability of consent of the affected individuals.
Mapping Ectodermal Dysplasia on chromosome 18p11.32-p11.31
After excluding linkage in the family to genes involved in skin related disorders (LOR, PKP1, EDARADD, EDAR, HPGD, CDSN, FZD6, PVRL1, ST14, GJB, GJB2, TGM1, KRT14, EVPL, TGM2, TGM3, RSPO4, NFJ and DPR loci, Type II Keratin gene cluster), the present family was subjected to a genome-wide scan. The whole genome scan was performed using HumanOmniExpress beadchip arrays of Illumina Infinium HD Assay (Illumina Inc., San Diego, CA, USA) on fourteen DNA samples including six affected (IV-6, IV-8, IV-9, IV-10, IV-11, VII-7) and eight unaffected individuals (III-1, III-2, III-5, III-6, IV-4, IV-5, IV-7, IV-12) of the present family. A single run of homozygous SNP markers spanning about 3.03 Mb flanked by SNPs rs9284390 (0.113 Mb) and rs4797100 (3.14 Mb) on chromosome 18p11.32-p11.31 was detected. The physical positions of the SNP markers are according to dbSNP132 (http:// genome.ucsc.edu/cgi-bin/hgGateway). Analysis of the genome scan genotypes within this region by PEDCHECK and MERLIN did not elucidate any genotyping errors. The results of the two-point linkage analysis using MLINK program of FASTLINK computer package [16] are shown in Table 2 . The highest two-point LOD score at zero recombination fraction (θ = 0.00) of 3.33 was obtained with multiple SNP markers, supporting linkage to this region.
Fig 2. Clinical features of affected members IV-9 at 15 years and IV-11 at 21 years of age. Finger-and toenails of both hands and feet of patient (IV-11) showing nail dystrophy (A, B). Arrow points towards transverse melanonychia on fingernail of patient (IV-9) (C). Thin hypopigmented scalp hairs and sparse eyelashes in patient IV-9 (D). The Patient IV-11 displays reticulate pattern of cutaneous hyperpigmentation on neck, chest (E) and underarm area (F).
doi:10.1371/journal.pone.0129811.g002 Major functions assigned to the fourteen genes include pyrimidine biosynthesis (TYMS, ENOSF1)proteasome associated ubiquitin recycling (USP14), cell signaling component (ADCYAP1, YES1), innate immune responses (COLEC12), role in mitosis (CETN1, NDC80), spliced transcript processing and transport (THOC1), chromatin modification (SMCDH1, METTL4) muscle structural component (MYOM1), vessel assembly regulation (EMILIN2) and adipose tissue formation (LPIN2). The function of three genes (C18orf56, CLUL1, LINC00470) were unknown. None of these genes had been reported to cause any type of Ectodermal dysplasia. Although functionally significant, but none of these genes were considered as promising candidate for the disorder involving pigmentation and ectodermal appendages anomaly in the linkage interval. Therefore, all the genes were screened for the sequence variants. The genes were sequenced in two affected (IV-8, IV-10) and one unaffected (III-5) individual of the family. Sequence analysis with standard sequence of the exons, intron-exons boundaries, 5' UTR regions and polyadenylation site in 3' UTR of all 17 genes failed to detect any functional sequence variant which could be responsible for causing the disease phenotype observed in the family. The disease interval was also assessed for the presence of any potential deletion or duplication using Genome Studio v1.0.2 software. No deletion, duplication or chromosomal aberration was detected.
Discussion
In the present study, we have presented a clinical and molecular analysis of an unreported ED condition observed in a five generation consanguineous family of Pakistani origin. All six affected individuals of the family exhibited clinical features including hypotrichosis, nail dysplasia and reticulate hyperpigmentation. The later condition was found restricted to certain body parts including neck, abdomen, extremities and axillae. An extensive literature review revealed that some of the clinical features observed in affected members of the family were reported earlier in at least three other forms of ED including NFJS, DPR and DC. However, absence of clinical features such as palmoplantar keratoderma, dental anomalies, skin blistering, multiple small punctate keratoses of palms and soles, and hypohidrosis in the present family distinguishes the condition from NFJS and DPR. In case of NFJS, the reticulate hyperpigmentation tend to fade with age while in DPR pigmentation anomaly shows lifelong presence and onset occurs as early as birth to 2 years of age [6] [7] [8] . On the other hand in the ED phenotype observed in the family reported here, the reticulate hyperpigmentation appears during early adolescence and then stays as such for the rest of life. Similarly, the ectodermal disorder demonstrated in the current family can be distinguished from multisystemic pigmentary disorder DC by absence of associated phenotypes including mucosal leukoplakia, development of immune deficiency, pulmonary complications, malignancy, bone marrow failure and various other somatic abnormalities. In DC, reticular skin pigmentation and nail dystrophy are associated with diverse clinical findings affecting other organs and organ system [11] . Therefore, combination of the clinical findings such as hypotrichosis, nail dystrophy, and reticulate hyperpigmentation without association of any other underlying defects in organs and organ systems convincingly supported the demonstration of a novel type of entity of genodermatosis in the consanguineous family reported in present study. As expected, genotyping using microsatellite markers excluded linkage in the family to several genes involved in causing ectodermal dysplasias. The human genome was then scanned using Illumina HumanOmniExpress SNPs beadchip microarray. Analysis of the genome scan results revealed linkage of the family to chromosome 18p11.32-p11.31 with a significant LOD score value ( Table 2 ). The 3.03 Mb homozygous region, found in affected individuals of the family, encompassed 16 protein encoding and one non-protein encoding RNA genes (Fig 3) . Since, none of these genes were reported to be involved in the disorders of ectodermal appendages therefore all seventeen genes had been examined. Sequence analysis, however, failed to detect potential disease causing variants. We had also looked for the presence of deletions, duplications and other chromosomal aberrations in the linked region using Illumina genome studio v1.0.2 software. The software is handicapped with its limitations of not detecting deletions/duplications below 50 kb size and as such was unable to provide information about any minor chromosomal aberrations. Still, the possibility of any disease causing sequence variant exists in regulatory regions of the genes or small deletions/insertions/duplications in the linkage interval cannot be completely ruled out. Mapping of the linkage interval on chromosome 18p11.32-p11.31 and mutation screening of the genes for potential sequence variant is the first step towards deciphering the molecular basis of this congenital disorder. Targeted next generation sequencing (NGS) of this region might be helpful in identifying disease causing sequence variant or other possible genetic aberration that is usually impossible to detect by conventional Sanger sequencing. The possible disease causative mutation could be a variant in any cisregulatory region of the genes or a small structural variant such as copy number variant (CNV) of <50Kb size in intergenic regions. According to recent updates on UCSC genome browser in the latest human assembly GRCh38/hg38, the linkage interval on chromosome 18p11.32-p11.31 shows annotation of eleven small ncRNA genes (six piwi interacting RNAs [piRNAs], two small cytoplasmic RNAs [scRNAs] and one microRNA [miRNA]) of uncharacterized functions. Mutation causing abnormality of the function in any of these unknown ncRNA cannot be ruled out as probable cause for this disorder. Eventual identification of a gene or any other DNA variant responsible for this novel form of ectodermal dysplasia at this locus will enhance our knowledge about the molecular mechanisms involved in the development/maintenance of the tissues affected in the present family.
